Background/Aims: Hepatoblastoma is the most common malignant pediatric liver cancer. circular RNAs (circRNAs) play important roles in fine-tuning gene expression and are often deregulated in cancers. However, the expression profile and clinical significance of circRNAs in hepatoblastoma is still unknown. Methods: Circular RNA microarray was conducted to identify hepatoblastoma-related circRNAs. GO analysis, pathway analysis, and miRNA response elements analysis was conducted to predict the potential roles of differentially expressed circRNAs in hepatoblastoma. MTT assays, Ki67 staining, and Transwell assays were conducted to clarify the role of circRNA in hepatoblastoma in vitro. Bioinformatics analysis and in vitro experiments were conducted to clarify the mechanism of circRNA-mediated gene regulation in hepatoblastoma cell. Results: 869 differentially expressed circRNAs were identified between hepatoblastoma and adjacent normal liver samples, including 421 upregulated circRNAs and 448 down-regulated circRNAs. The significant enriched GO term of hepatoblastoma-related circRNAs in biological process, cellular component, and molecular function were "chromosome organization", "cytoplasm", and "organic cyclic compound binding". Tight junction signaling pathway was ranked the Top 1 potentially affected by circRNA-mediated regulatory network. circ_0015756 was significantly up-regulated in human hepatoblastoma specimens and metastatic hepatoblastoma cell lines. circ_0015756 silencing decreased hepatoblastoma cell viability, proliferation, and invasion in vitro. circ_0015756 acted as miR-1250-3p sponge to regulate hepatoblastoma cell function. Conclusions: circRNAs are involved in the pathogenesis of hepatoblastoma. circ_0015756 is a promising target for the prognosis, diagnosis, and treatment of hepatoblastoma.
Introduction
Hepatoblastoma is one of the major liver cancers in infants and toddlers, accounting for about 1% of pediatric cancers. It develops after a short latency period. Less than 50% of Human tissue specimens and cell culture Human hepatoblastoma tissues were collected from the patients undergoing resection of hepatoblastoma in Children hospital, Fudan University (China). A written informed consent was obtained from every patient or their guardians. This study was approved by the Institute Research Ethics Committee in this hospital.
Tumor cell lines, HepG2, HuH-6, and SMMC-7221, and nonmalignant QSG-7701 and L02 hepatocytes were cultured in the Dulbecco's Modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) in a humidified incubator with 5% CO 2 at 37 °C
RNA extraction
Total RNAs from the hepatoblastoma and adjacent normal liver tissues were extracted using the TRIzol reagent (Invitrogen) according to the manufacturer's protocol. Total RNA from the whole blood was extracted using a rapid blood total RNA extraction kit (Biotech, China). RNA quality for microarray analysis was estimated by the Agilent Bioanalyzer 2100 (Agilent technologies). The amount of extracted RNA was measured using a Nanodrop 2000 (Thermo Scientific, USA). RNA integrity was estimated by using the 1% formaldehyde denaturing gel electrophoresis.
Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
Total RNAs were reversely transcribed using the PrimeScript RT reagent Kit (TaKaRa). qPCR assays were conducted using the SYBR Green PCR kit (Takara) in the ABI Prism 7300 sequence detection system (Applied Biosystems). Relative gene expression was normalized to GAPDH expression level. The dissociation curve was used to estimate the specificity of PCR products.
Microarray analysis
Three hepatoblastoma and adjacent normal liver samples were used for circRNA microarray. The patients were 23 (female), 23 (female), and 24(male) months old. All histologic classification is epithelial type. The total RNAs were treated with RNase R to remove linear RNAs to enrich circRNA transcripts. The enriched circRNAs were amplified and transcribed into the fluorescent cRNA. The labeled cRNAs
Results

Screening for hepatoblastoma-related circRNAs by circRNA microarray
We employed the SBC Human (4×180K) circular RNA microarray (Shanghai Biotechnology Co., Ltd.) to identify hepatoblastoma-related circRNAs. The box plot showed the distribution of circRNA expression profiling. After the normalization, the distributions of log2 ratios across different samples were displayed in Fig. 1A . We then used the volcano plot to identify differentially expressed circRNAs between hepatoblastoma (HB) and the matched normal tissues (non-HB) (Fig. 1B) .
We set the threshold as fold change >2.0, and identified 869 differentially expressed circRNAs, including 421 up-regulated circRNAs and 448 down-regulated circRNAs (Table 1 , HB versus non-HB). We then conducted hierarchical clustering analysis to obtain the systematic comparison of circRNAs expression across different samples. HB samples were clustered (Fig. 1C) . We also used the top 20 dysregulated circRNAs to conduct hierarchical clustering analysis. The up-regulated or down-regulated circRNAs were clustered into the same sample (Fig.  1D) . To verify the microarray result, we randomly chose 20 dysregulated circRNAs for expression verification by qRT-PCRs, including 10 up-regulated circRNAs and 10 down-regulated circRNAs. Sixteen of 20 circRNAs were verified by qRT-PCRs, showing the similar expression pattern as previously detected by microarray (Table 2) .
Functional annotation of the host genes of differentially expressed circRNAs
A majority of circRNAs are originated from the exonic or intronic sequences of their host genes [16] . Some circRNAs play important role in regulating the expression of their parental genes. We thus conducted GO analysis and pathway analysis of the host genes of differentially expressed circRNAs to predict circRNA function. The significantly enriched GO term of host genes of differentially expressed circRNAs in biological process was chromosome organization (Fig. 2A) . The most significantly enriched GO term in cellular component was cytoplasm (Fig. 2B) . The (Fig. 2C ). Pathway analysis showed that "tight junction signaling pathway" was ranked the top 1, which was potentially affected by circRNA-mediated regulatory network (Fig. 2D) .
Prediction of circRNA-binding miRNAs
Increasing studies have revealed that most circRNAs have conserved seed sequence for miRNAs. They could play their roles by acting as microRNA (miRNA) sponges [17] . We thus predicted whether the top 10 up-regulated circRNAs and the top 10 down-regulated circRNAs could bind to some miRNAs based on TargetScan and miRana. The results showed that 18 circRNAs potentially could bind to at least five different miRNAs ( Table 3 ), suggesting that most of differentially expressed circRNAs may act as miRNA sponges to regulate the expression of target genes.
circRNAs are potentially involved in the pathogenesis of hepatoblastoma qRT-PCR verification assays in Table 1 revealed that circ_0015756 was the most significantly up-regulated circRNA in hepatoblastoma samples. We further collected human specimens, and detected circ_0015756 expression pattern in hepatoblastoma samples. 
Cellular Physiology
circ_0015756 was significantly up-regulated in hepatoblastoma tissues compared with the adjacent normal liver samples ( Fig. 3A and Table 4 ). We also detected increased circ_0015756 expression in all examined hepatocellular carcinoma and hepatoblastoma cells compared with the nonmalignant QSG-7701 and L02 hepatocytes (Fig. 3B ). Hypoxia is a pathological factor for tumorigenesis. Hepatoblastoma cells were exposed to hypoxic condition to mimic tumor microenvironment. circ_0015756 expression was found to be progressively up-regulated (Fig. 3C) . Previous study has shown that peripheral blood circular RNA is potentially used as a diagnostic biomarker for human disease [18] . We also determined whether circulating circ_0015756 expression was altered in the peripheral blood of hepatoblastoma patients. circ_0015756 expression was significantly up-regulated in the peripheral blood of hepatoblastoma patients (Fig. 3D) . We also determined the expression pattern of a down-regulated circRNA, circ_0040081. The result showed that circulating circ_0040081 and HepG2 cell, were exposed to hypoxic condition for the indicated time periods, respectively. qRT-PCRs were conducted to detect circ_0015756 expression (n=4). Statistical differences were analyzed by one-way ANOVA followed by Tukey's post hoc analyses. (D and E) Total RNAs were extracted from the peripheral blood of 10 hepatoblastoma patients and 10 healthy controls. qRT-PCRs were conducted to detect circ_0015756 (D) or circ_0040081 expression (E; n=3; Mann-Whitney U-test). (F) Total RNAs were extracted from 10 hepatoblastoma specimens and 10 matched adjacent non-cancerous liver tissues. qRT-PCRs were conducted to detect circ_0040081 expression (n=3; Mann-Whitney U-test). (Fig. 3E) . circ_0040081 was significantly down-regulated in the hepatoblastoma tissues compared with the adjacent normal liver samples (Fig. 3F) . Taken together, these results suggest that circRNAs are potentially involved in the pathogenesis of hepatoblastoma.
circ_0015756 silencing decreases cell viability, proliferation, and invasion in vitro
To identify the role of circ_0015756 in the pathogenesis of hepatoblastoma in vitro, we first designed a siRNA based on the backsplice sequence of circ_0015756. circ_0015756 siRNA transfection significantly decreased circ_0015756 expression in HuH-6 cells (Fig. 4A) . MTT assay showed that circ_0015756 silencing significantly decreased the viability of HuH-6 cells (Fig. 4B) . Ki67 staining showed that circ_0015756 silencing significantly decreased the proliferation of HuH-6 cells (Fig. 4C) . Transwell assays showed that circ_0015756 silencing significantly decreased the invasion ability of HuH-6 cells (Fig. 4D) . In addition, we investigated the effect of circ_0015756 silencing on SMMC-7221 and HepG2 cell function. The result showed that circ_0015756 silencing significantly decreased the viability, proliferation, and invasion ability of SMMC-7221 and HepG2 cells (Fig. 5 and Fig. 6 ).
circ_0015756 acts as miR-1250-3p sponge in hepatoblastoma cell circRNAs could act as miRNA sponges, and regulate the availability of miRNA for binding mRNAs [19] . We thus determined whether circ_0015756 acted as a miRNA sponge. miR-6134, miR-7854-3p, miR-4778-3p, miR-1250-3p, and miR-4659a-3p was predicated as the potential miRNA target on circ_0015756. Subsequently, the full sequence of circ_0015756 was cloned into the downstream of luciferase gene (RLuc-circ_0015756-WT), and then transfected into HuH-6 cells with different miRNA mimics. The activity of RLuc-circ_0015756-WT was significantly reduced by miR-1250-3p mimic transfeciton, but not by other miRNA mimics transfeciton (Fig. 7A) . To avoid the unspecific binding, we also mutated miR-1250- Fig. 4 . circ_0015756 silencing decreases cell viability, proliferation, and invasion in vitro. (A) HuH-6 cells were transfected with scrambled siRNA (Scr), circ_0015756 siRNA, or left untreated (Ctrl) for 24 h. qRT-PCRs were conducted to detect circ_0015756 levels. The data was shown as the fold change compared with Ctrl group. "*" indicated significant difference compared with Ctrl group (n=4; Oneway ANOVA followed by Tukey's post hoc analyses). (B-D) HuH-6 cells were transfected with scrambled (Scr) siRNA, circ_0015756 siRNA, or left untreated (Ctrl) for 24 h. Cell viability was detected by MTT method (B; n=4; One-way ANOVA followed by Tukey's post hoc analyses). Ki67 immunofluorescence staining and quantitative analysis showed that circ_0015756 knockdown decreased HuH-6 cell proliferation. Scale bar, 10 μm (C; n=4; One-way ANOVA followed by Tukey's post hoc analyses). Transwell assays showed that circ_0015756 silencing inhibited HuH-6 cell invasion. Scale bar, 20 μm (D; n=4; One-way ANOVA followed by Tukey's post hoc analyses). 3p binding site of circ_0015756 to generate RLuc-circ_0015756-Mut. miR-1250-3p mimic transfection significantly decreased RLuc-circ_0015756-WT activity, but had no effect on RLuc-circ_0015756-Mut activity (Fig. 7B ). These data suggest that miR-1250-3p directly regulates circ_0015756 expression. We then investigated the role of miR-1250-3p in HuH-6 cells. miR-1250-3p mimic transfection significantly decreased cell viability, proliferation, and invasion of HuH-6 Ki67 immunofluorescence staining and quantitative analysis showed that circ_0015756 knockdown decreased HepG2 cell proliferation. Scale bar, 10 μm (n=4; One-way ANOVA followed by Tukey's post hoc analyses). (C) Transwell assays showed that circ_0015756 silencing inhibited HepG2 cell invasion. Scale bar, 20 μm (n=4; One-way ANOVA followed by Tukey's post hoc analyses).
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry the exonic or intronic sequences of host genes. Thus, it is possible to predict circRNA function via the functional analysis of their parental genes. GO enrichment analysis shows that genes producing these differentially expressed circRNAs are enriched in chromosome organization, cytoplasm, and organic cyclic compound binding. circRNAs mainly play their role in cytoplasm [20] . Chromosome organization dysfunction is tightly associated with gene expression dysfunction [22] . Cyclic compound binding is associated with signaling pathway activation and inactivation. Tight junction signaling pathway is ranked the top 1 signaling pathway affected by circRNA-mediated regulatory network. Tight junction signaling has been implicated in the pathogenesis of many cancers [23, 24] . Since the pathogenesis of cancer is also associated with abnormal gene expression and signaling pathway dysfunction. Thus, it is not surprised that circRNA-mediated regulatory network is involved in the pathogenesis of hepatoblastoma. circRNAs play a critical role in fine-tuning miRNA-mediated gene expression by sequestering miRNAs [6] . For example, ciRS-7 contains multiple miRNA-7 binding sites, thereby acting as an endogenous miRNA sponge [25] . circ-ITCH acts as miRNA (miR-7, miR-17, and miR-214) sponge and plays an inhibitory role in esophageal squamous cell carcinoma [26] . circHIPK3 can act as the sponge of 9 miRNAs, which has about 18 potential binding sites [27] . We annotate circRNA/miRNA interaction for some differentially expressed circRNAs and performe a detailed annotation for the conserved MREs. The majority of differentially expressed circRNAs in hepatoblastoma contain more than five different miRNA binding sites. miRNAs play crucial role in several biological processes, including cell viability, proliferation, differentiation, and apoptosis [28] . The critical role of miRNAs in hepatoblastoma has been gradually recognized [29] . circRNAs could act as miRNA sponges to regulate the expression of target genes of miRNAs. Thus, it is not surprised that circRNA-miRNA-mRNA network is involved in the progression and development of hepatoblastoma.
Hepatoblastoma is usually characterized by abnormal hepatoblastoma cell proliferation and invasion [2, 5] . circ_0015756 silencing significantly decreases hepatoblastoma cell viability, proliferation, and invasion. Thus, we speculated that compared to normal liver cells, circ_0015756 up-regulation hepatoblastoma cell would take longer to become senescence. circRNAs are believed to negatively regulate miRNAs, and contribute substantially to the competing endogenous RNA (ceRNA) network [7] . miR-1250-3p mimic transfection significantly decreases cell viability, proliferation ability, and invasion ability of hepatoblastoma cells. circ_0015756 overexpresson could reverse the effects of miR-1250-3p mimic. Thus, circ_0015756 could act as miR-1250-3p sponges, and regulate the availability of miRNA for binding mRNA targets.
Conclusion
This study reveals the role of circRNAs in hepatoblastoma. Dysregulated circRNAs have the potentials to be used as biomarkers for the screening of people with high-risk hepatoblastoma. However, based on these findings, much work is still required to uncover the mechanism of circRNA-mediated regulatory network in the pathogenesis of hepatoblastoma.
